Four experiments were conducted to investigate the arginine x lysine interaction in young pigs. Excess supplemental arginine (.67 to 2% of diet) decreased weight gain and feed intake, but had no effect on efficiency of feed utilization. Lysine supplementation (.5 or 2.5%) did not ameliorate the adverse effects of excess arginine. Decreasing the arginine content to .8% from a level routinely supplied by typical swine diets (1.3%) did not improve pig performance. Excess supplemental arginine increased plasma arginine and ornithine concentrations and decreased plasma lysine and histidine concentrations; several other amino acids were decreased in plasma as well. Feeding 2.8% total dietary arginine resulted in a dramatic increase in urinary excretion of arginine, ornithine, citrulline, lysine, histidine and cystine. From these results it is concluded that the adverse effects of excess arginine represent classic amino acid imbalance rather than amino acid antagonism.
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I ntroduction
Swine diets are routinely formulated to contain a recommended level of dietary crude protein, usually with regard to meeting the pig's lysine requirement. Diets formulated in such a manner using corn and soybean meal as the primary feed ingredients contain some amino acids, namely arginine, leucine, histidine and phenylalanine-tyrosine, in excess of the dietary recommendations for the 10-to 20-kg pig 1 Dept. of Anita. Sci. 2A preliminary report of this research was presented at the 1981 Annu. Amer. Soc. Anita. Sci. Meeting (Southern and Baker, 1981) . (NRC, 1979) . These excess amino acids must be catabolized by the pig and the waste N excreted in the urine as urea. These catabolic processes could add an additional energy cost to feed utilization by the pig. Perhaps a more important detriment of amino acid excesses is the wellknown antagonism that exists between the lysine-arginine and leucine-isoleucine-valine groups of amino acids (Harper et al., 1970) . Amino acids that comprise antagonist groups can adversely affect the utilization of each other by competing for absorptive sites in the intestine and renal tubule, by interfering with the normal metabolism of amino acids within the group (i.e., increased amino acid degradation) and also by affecting feed intake regulation (Harper et al., 1970; Austic and Scott, 1975; Lerner, 1978) . Thus, amino acid excesses in swine diets could result in diminished feed efficiency and altered nutrient utilization.
The arginine x lysine interaction is of potential importance to the swine industry. Lysine is usually the first-limiting amino acid in swine diets while arginine is an amino acid present in great excess. This leads to the possibility that excess arginine could interfere with lysine utilization, and as such, adversely affect pig performance.
Despite the existence of a plethora of data concerning the adverse effects of amino acid excesses in laboratory species, few studies have been conducted with swine. Oestemer et al. (1973) reported, and Henry et al. (1976) later confirmed, that excess dietary leucine decreased plasma concentrations of isoleucine and valine but otherwise had no adverse effect on swine performance. Easter and Baker (1977) reported that excess arginine depressed performance of pigs fed deficient (12%) and excess (26%) levels of crude protein, but not of pigs fed an adequate (19%) level of crude protein. Tanksley (1981) found that arginine additions 857 JOURNAL OF ANIMAL SCIENCE, Vol. 55, No. 4, 1982 to a basal diet containing a low level of arginine (,78%) had no effect on pig performance. Miller et al. (1981) concluded that energy and protein utilization were not different in pigs fed either a corn-soybean meal diet or a complex diet containing a "more desirable amino acid balance." In contrast to these studies, Buraczewski et al. (1970) reported that arginine interfered with lysine absorption (and vice versa).
The purpose of this investigation was to study the effects of excess arginine and the arginine x lysine interaction in young pigs. Performance, plasma amino acid concentration and urinary amino acid excretion were response criteria.
Experimental Procedure
Four experiments were conducted utilizing 284 crossbred pigs weaned at 4 wk of age. The pigs were maintained in an environmentally controlled nursery in 1.22 provided by crystalline L-arginine free base and L-lysine. HCI (78.4% lysine).
Experimental Protocal, Experiment 1 was designed to investigate the effects of excess arginine in pigs fed a conventional starter diet (basal diet A). Levels of supplemental arginine were 0, .67, 1.33 and 2.0%. Experiments 2 and 3 were designed to assess the arginine x lysine interaction 9 Experiment 2 involved a 2 x 2 factorial arrangement of treatments with two levels of supplemental arginine (0 and 2%) and two levels of supplemental lysine (0 and .5%). The design of Exp. 3 was identical to Exp. 2, except lysine levels were changed to 0 and 2.5%. The purpose of Exp, 4 was to investigate arginine levels below (.8%), equivalent to (1.3%) or greater than (1.8 to 2.8%) those routinely supplied by conventional swine diets. Arginine additions to basal diet B were 0, .5, 1.0, 1.5 and 2.0%.
Blood Analyses. At the termination of each experiment the three pigs most uniform in weight within a pen were bled from the anterior vena cava and blood samples pooled. Pigs were not restricted from consuming the experimental diets before bleeding. Plasma was collected from the pooled blood samples and deproteinized by the addition of an equal volume of a 3.5% solution of 5-suIfosatieylie acid (SSA) prepared in distilled water. The plasma-SSA solution was centrifuged for 20 min at 1,500 • g and the supernatant analyzed for amino acids by ion-exchange chromatography (Spackman et al., 1958; Spackman, 1963) using a Beckman (model 119-C1) amino acid autoanalyzer. Data were expressed as nmol amino acid/m1 of plasma.
Urine Collection and Analyses. At the conclusion of Exp. 4 two pigs/treatment were placed in metabolism cages. The pigs were allowed 24-h adjustment in the cages before a 24-h collection period during which a quantitative urine sample was collected under toluene, While in the metabolism cages, the pigs were fed three times per day to approximate an ad libitum intake; water was available continuously. Urine samples (5 ml) were adjusted to pH 11.5 to 12.0 with NaOH after which they, together with a beaker of concentrated H2 SO4, were placed in a vacuum desiccator and continuously evacuated with a water aspirator for 7 h. After removing beakers containing urine samples from the desiccator and adjusting the pH to 1.8 to 2.5 with 6N HCI, samples were transferred to volumetric flasks and adjusted to Statistical Analyses. Data were analyzed by analysis of variance procedures (Steel and Torrie, 1980) . Orthogonal as well as meaningful nonorthogonal single degree-of-freedom comparisons were used to test treatment differences.
Results
The results of Exp. 1 are presented in table 2. Graded levels of arginine added to a typical pig starter diet (basal diet A) resulted in linear depressions (P<.01) in weight gain and feed intake but had no effect (P>.l) on efficiency of feed utilization (G/F). Excess dietary arginine resulted in significant increases in plasma arginine and ornithine concentrations 9 However, plasma arginine did not increase after the first arginine addition (arginine quadratic, P<.09), whereas plasma ornithine continued to rise until the second arginine addition (although at a decreasing rate) and then plateaued (arginine quadratic, P<.03). Dietary arginine addition resulted in linear decreases (P<.01) in the concentration of plasma lysine and histidine.
In Exp. 2 (table 3) , 2% added arginine did not affect (P>.I) weight gain (although a tendency was evident) but feed intake was depressed (P<.04). Excess supplemental lysine (.5%) was without effect (P>.l) on both weight gain and feed intake. Efficiency of feed utilization was not affected (P>.l) by either the arginine or lysine addition. There was no arginine x lysine interaction observed in the performance criteria.
Excess dietary arginine increased (P<.01) plasma arginine and ornithine (table 3). Excess supplemental lysine had no effect (P>.l) on the concentration of plasma arginine or ornithine regradless of whether lysine was supplied alone or in combination with arginine. In contrast to Exp. 1, 2% added arginine did not result in a decrease (P>.l) in plasma lysine or histidine compared with that observed with the basal diet 9 Excess dietary lysine, alone, increased plasma lysine and histidine concentrations 9 However, when dietary arginine and lysine were added in combination, plasma lysine and histidine decreased relative to the dietary lysine addition alone. Thus, a significant arginine x lysine interaction was observed for plasma lysine (P<.03) and histidine (P<.06).
The results of Exp. 3 are presented in table 4. Dietary arginine decreased (P<.03) weight Cprovided by L-arginine free base.
gain and feed intake and, as observed in Exp. 1 and 2, had no effect (P>.I) on G/F. The high level of lysine addition (2.5%) did not affect (P>.I) any performance criteria and no arginine • lysine interactions were observed (P>.I). The response of plasma amino acids was similar to that observed in Exp. 2. Dietary arginine increased (P<.03) plasma arginine and ornithine concentrations, and arginine x lysine interactions (P<.05) were observed for plasma lysine and histidine concentration. Plasma histidine, however, was increased by dietary lysine in Exp. 2 and decreased in Exp. 3. The reason for this discrepancy is unknown, although it may have been due to the different levels of lysine addition to the basal diet (.5% in Exp. 2 and 2.5% in Exp. 3). The results of Exp. 4 are presented in tables 5 and 6. Addition of .5% or 1.0% arginine to basal diet B resulted in no adverse effects (P>.I) on weight gain, feed intake or G/F. However, additions greater than 1.0% depressed gain and feed intake linearly (P<.01), but as before, had no effect (P>.I) on G/F. Plasma arginine and ornithine increased linearly (P<.01) in response to incremental addition of arginine, and no plateau was apparent. Plasma lysine decreased linearly (P<.01) and plasma histidine decreased quadratically (P<.06) as dietary arginine was increased. Several other amino acids in the plasma (data not shown) were linearly SGlycine and taurine were the urinary amino acids excreted in greatest quantity, with 24-h excretion rates of 3,102 and 622 #rnol, respectively. Their excretion rates were not affected by treatment.
decreased in response to dietary arginine addition: aspartate, glutamate, glutamine, proline and glycine (P<.01); asparagine and tyrosine (P<.02); alanine (P<.03); methionine (P<.08); leucine (P<. 10).
Urinary excretion 3 of the basic amino acids as well as cystine (table 6) was increased, although nonsignificantly with the exception of urinary lysine (P<.07), by the addition of .5% arginine to basal diet B. Dietary arginine additions of 1.0 and 1.5% caused no further increase in urinary amino acid excretion. However, the 2% arginine addition resulted in a dramatic increase (P<.03) in urinary excretion of all the basic amino acids and cystine compared with diets 1 to 4.
Discussion
The results of Exp. 1 to 3 indicated that .67 to 2.0% excess arginine added to a typical "pigstarter" diet depressed weight gain and feed intake but had no effect on G/F. This is in contrast to the results of Easter and Baker (1977) who reported no adverse effects of excess arginine (.5 to 1.5%) added to a basal diet similar to the one used in our experiments (basal diet A). This discrepancy might be explained by the fact that Easter and Baker (1977) used heavier (and thereby older) pigs than those employed in the present experiments. Harper et al. (1970) have reviewed the effects of age on amino acid disproportions and have indicated that younger animals are more susceptible to amino acid imbalances than older, more mature animals.
The pattern of performance depression resuiting from excess arginine (decreased weight gain and feed intake with no effect on G/F) in Exp. 1 (table 2) was indicative of an amino acid imbalance and not of an antagonism as has been observed between lysine and arginine in the chick (Allen et al., 1972; Austic and Scott, 1975) and rat (Jones et al., 1966) . However, excess arginine increased plasma arginine and ornithine concentrations and decreased plasma lysine, which suggests that arginine may have been interfering with lysine transport processes in a manner characteristic of an amino acid antagonism. To investigate the possibility that arginine was antagonizing lysine, Exp. 2 was conducted. Theoretically, if arginine was antagonizing lysine, a small increment of lysine addition should ameliorate, at least in part, the adverse effects of excess arginine. The results of Exp. 2 were inconclusive, and only generalizations can thus be made. Two percent arginine did not significantly depress weight gain (table  3) , although a trend was evident, and lysine (.5%) appeared to partially alleviate the growth depression caused by arginine. Feed intake was depressed by arginine, but lysine exerted no ameliorative effect. Again, the adverse effects of arginine appeared to be the result of an amino acid imbalance. However, a significant arginine x lysine interaction was observed in plasma lysine concentration, suggestive of an amino acid antagonism. The lack of an arginine x lysine interaction in performance in Exp. 2 may have been due to the low level of lysine additions (.5%) relative to the total dietary arginine concentration (3.27%) of the diet. Therefore, Exp. 3 was conducted to further clarify the arginine-lysine interrelationship, and the lysine addition was increased to 2.5%.
The results of Exp. 3. clearly indicated that excess supplemental lysine had no ameliorative effect on the weight gain and feed intake depression caused by excess arginine. Moreover, 2.5% lysine alone did not adversely affect pig performance, which is surprising in light of the fact that rat weight gain is depressed by 1.5 and 3.0% lysine (Jones et al., 1966) . Apparently, the rat and pig differ in their response to excesses of dietary arginine and lysine because it has also been shown that the rat will tolerate very high levels of arginine (5%) without adverse effects on performance (Hevia et al., 1980; L. L. Southern and D. H. Baker, unpublished data) .
From the results of Exp. 1 to 3 it was evident that excess arginine adversely affected feed intake, with a concomitant depression in weight gain. The question remained whether arginine levels present in typical swine diets would be sufficiently high to adversely affect pig performance. Therefore, Exp. 4 was conducted using a complex semipurified diet (basal diet B) containing only .8% arginine. Addition of .5% arginine (total arginine was 1.3%, a level routinely found in typical swine diets) resulted in no adverse effects on performance. This agrees well with the results reported by Tanksley (1981) . Even a 1.0% arginine addition (1.8% dietary arginine and an arginine:lysine ratio of 1.8:1) failed to significantly affect weight gain, feed intake or feed conversion efficiency.
Plasma amino acid analyses obtained in Exp. 1 to 3 indicated that excess dietary arginine decreased plasma lysine concentration. This could be taken as evidence of an amino acid antagonism. However, that the plasma histidine response generally paralleled the plasma lysine response implies a generalized effect rather than a specific effect of excess arginine on lysine utilization. Becasue only plasma concentrations of arginine, ornithine, lysine and histidine were monitored in these experiments, it was impossible to ascertain whether dietary arginine was having a specific effect on plasma lysine and histidine or a general effect on all plasma amino acids. Therefore, the complete amino acid profile was obtained on the plasma samples from Exp. 4. Plasma lysine and histidine concentrations (table 5) were again decreased by excess dietary arginine. HoweveL plasma aspartate, glutamate, glutamine, proline, glycine, asparagine, tyrosine, alanine, methionine and leucine concentrations were also decreased by incremental addition of dietary arginine. This supports the view that excess arginine was exerting a generalized effect on the complete plasma amino acid profile. Thus, the adverse effects of excess arginine are the result of an amino acid imbalance. In an amino acid antagonism, the amino acid causing the antagonism increases in plasma while the amino acid being antagonized decreases, but the other amino acids in plasma remain relatively constant (Harper et al., 1970) .
Pigs consuming graded levels of arginine in Exp. 1 exhibited increased plasma arginine and ornithine concentrations (table 2), but both amino acids plateaued at the higher levels of arginine addition. It was reasoned that this could have resulted from increased urinary excretion of these amino acids. Therefore, urinary amino acids were quantified in pigs fed graded levels of arginine in Exp. 4. Although plasma arginine and ornithine concentrations did not plateau in Exp. 4, all the basic amino acids (arginine, ornithine, citruUine, lysine and histidine) as well as cystine (table 6) were dramatically increased in the urine of pigs fed 2% supplemental arginine. The lower additions of arginine, while seemingly having some effect on urinary output of these amino acids, had only minimal effects compared with the 2% arginine addition. Hence, relative to diet 1 containing .8% total arginine, diet 5 (2.8% total arginine) consumption resulted in 102-, 61-and fourfold increases in urinary output of arginine, ornithine and citrulline, respectively, and 17.4-, 3.4-and 2.9-fold increases in output of lysine, cystine and histidine, respectively. Compared with the average outputs recorded for diets 1 to 4, the urinary output increases for pigs fed diet 5 were 15-, 11-and sixfold for arginine, ornithine and citrulline, respectively, and 6.0-, 2.2-and 3.1-fold for lysine, cystine and histidine, respectively.
These data indicate that arginine and(or) ornithine concentrations reached levels high enough to surpass efficient renal reabsorption of these amino acids in pigs fed the diet containing 2.8% total arginine. This also agrees well with the concept that arginine and ( From the results reported herein it can be concluded that: 1) excess supplemental arginine decreases weight gain and feed intake of young pigs, but has no effect on G/F; 2) the level of arginine present in typical swine diets does not adversely affect weight gain, feed intake or G/F; 3) excess supplemental arginine decreases plasma lysine concentration, but also decreases the concentration of several other plasma amino acids; 4) 2.8% total dietary arginine results in plasma arginine and(or) ornithine concentrations that exceed the capacity for their efficient renal reabsorption. Because of inhibition by arginine and(or) ornithine at renal reabsorption sites, lysine, citrulline, histidine and cystine are likewise spilled into the urine and 5) the growth-depressing effects of great excesses of arginine ingestion ressult from amino acid imbalance rather than from amino acid antagonism.
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